This paper reviews the use of analytical pervaporation (defined as the integration of 2 different analytical separation principles, evaporation and gas diffusion, in a single micromodule) coupled to flow-injection manifolds for the determination of analytes of interest in enology; the review discusses the advantages that these techniques can provide in wine analytical laboratories. Special attention is given to methods that enable the determination of either of 2 volatile analytes, or of one volatile analyte and one nonvolatile analyte by taking advantage of the versatility of the designed approaches. In a comparison of these methods with the official and/or standard methods, the results showed good agreement. In addition, the new methods offer improvements in linear determination range, quantitation limit, precision, rapidity, and potential for full automation. Thus, this review demonstrates that although the old technologies used in wine analytical laboratories may be supported by official and standard methods, they should be replaced by properly validated, new, and automated technologies.
A number of parameters require frequent monitoring during the fermentation of wine and in the final product during aging. The complex wine matrix requires methods with ³1 separation steps for proper determination of the parameters through which the characteristics of the raw material, fermentation development, or final product can be established. Both chromatographic and nonchromatographic separation techniques have been proposed in the literature for isolation of target analytes, separation of components into groups, or inteference removal before determination.
Membrane-based nonchromatographic continuous-separation techniques (1, 2) are especially useful for increasing selectivity. In some cases, they also permit analyte preconcentration, which results in improved sensitivity. Continuous gas diffusion, whether in isolation or coupled (in series or in parallel) with other separation techniques such as dialysis and ion exchange, makes an excellent choice for achieving high selectivity and sensitivity. However, these techniques, particularly when used in enological analytical laboratories, suffer from 2 serious drawbacks, namely, clogging of membrane pores by suspended particles or components of high molecular weight present in the sample, and deterioration of the membrane through contact with the sample. Both shortcomings can be overcome by using pervaporation because the analyte or its reaction product undergoes a phase change from liquid to vapor before reaching the membrane. Pervaporation has long been used in industry, in competition with other traditional separation processes (e.g., distillation, extraction, and adsorption); in contrast, it has scarcely been used for analytical purposes. When used in the laboratory, analytical pervaporation (3, 4) can be defined as the integration of 2 different analytical separation principles (evaporation and gas diffusion) in a single micromodule. Major simplification and miniaturization of the experimental setup are thus obtained, and human participation is also reduced so as to increase analytical quality and productivity. Pervaporation is in principle a separation technique for removal of volatile analytes or their volatile derivatives from the sample matrix, but it can also be used for sample pretreatment, e.g., for solid samples for which leaching and derivatization of the analytes are done simultaneously and both occur in the separation device (5-7).
The versatility and widespread use of flow injection (FI) have been shown in several approaches (1, 2, 8, 9) . Its capacity for use in the most diverse situations, which led to the statement that "the only limitation of FI is the imagination of users" (8) , has been demonstrated by the design of manifolds ranging from those required for sample transportation to a given detector, to others, including ³3 separation modules (1, 2), multideterminations (10, 11) , etc.
When the wide number of volatile components in wine is considered, the coupling of the 2 approaches (namely, FI and pervaporation) could provide a powerful tool for the enological laboratory. With this aim, a number of methods for wine analysis based on the combined approach, FI-pervaporation, were developed and compared with the official methods. The results obtained led to the publication of this review, which shows the potential of the new methods to the detriment of the old-fashioned official methods. Thus, the objective of this review was to survey the literature in this field, with both critical discussion of its features and comparison with the official methods, standard methods, and methods in the literature. The conventional pervaporator is briefly described before the FI-pervaporation contributions are discussed in 2 groups involving individual determinations and multideterminations.
Analytical Pervaporator
A diagram of the analytical pervaporator is shown in Figure 1 . It consists of (a) a lower, donor chamber through which the feed stream is circulated and into which the wine sample is injected; (b) a thin membrane support (about 1 mm thickness); (c) spacers of various thicknesses, from 2 to 10 mm, which can be placed below and/or above the membrane support to increase the volume of the corresponding chamber; (d) an upper, acceptor chamber with inlet and outlet orifices through which the acceptor stream is circulated and in which the gaseous analyte is collected; and (e) fluid-circulating thermostats that increase the difference in temperature between the 2 chambers, thereby improving the pervaporation process. The whole module can be constructed of methacrylate, which permits continuous checking during the experiments. Teflon tubing and connectors are used to couple the pervaporation unit to the FI manifold (f).
The pervaporation membranes are usually of hydrophobic material because the sample is usually aqueous; nevertheless, hydrophilic membranes are used with organic samples.
FI-Pervaporation Approaches and Methods for Individual Determinations
Simple, easy-to-construct approaches have been proposed for the determination of a single analyte; most of them determine ethanol. Monitoring of the fermentation process through the evolution of this parameter has been implemented frequently.
An early method for the determination of ethanol in wines was based on the use of the unspecific redox reaction between the analyte and dichromate ion. The selectivity of the method was provided by the previous pervaporation step, which enabled only volatile species to reach the dichromate solution, which acted as acceptor at the membrane side opposite that of the raw sample. The application of the method to wine allowed Mattos et al. (12) to outline the scope of the new approach.
A more recent method for the determination of ethanol has been used to monitor the production of alcohol during wine fermentation; this application is useful when the sample contains solids in suspension. The method was based on a 2-step enzymic derivatization using alcohol oxidase and peroxidase immobilized on controlled-pore glass, located in the acceptor chamber and in a bioreactor between the separation unit and the fluorimetric detector, respectively. The location of the alcohol oxidase-support conjugate in the acceptor chamber favored the pervaporation step by displacing the mass-transfer equilibrium through the hydrophobic membrane. The precision of the method, expressed as relative standard deviation (RSD), was between 3.0 and 5.5%, with an unattended sampling frequency of 5 h -1 , which makes it appropriate for monitoring wine fermentation processes (13) . Mattos and Zagatto (14) recently reported a simpler approach based on the redox reaction with dichromate for monitoring the production of this analyte during molasses fermentation with higher sampling frequency (20 h -1 ) and better reproducibility (RSD of <1.5%). The monitoring by FI-pervaporation of this and other parameters, such as diacetyl, in fermentation processes other than wine, particularly beer, has also been proposed by researchers such as Prinzing et al. (15), Papaefstathiou et al. (16, 17) , Izquierdo-Ferrero et al. (18) , and Rodrigues et al. (19) .
An in-depth assessment of an FI-pervaporation method for the determination of volatile acidity in wine, reported by González-Rodríguez et al. (20) , involved >30 different wines, including young, aged, sweet, and dry; it showed that this method (20) surpasses the Mathieu method (21) for reproducibility, and both the Mathieu and the European official methods (22) for detection and quantitation limits and sensitivity in this analysis for volatile acidity; it also has lower manpower requirements and shorter analysis time. The statistical criteria established by the Office International de la Vigne et du Vin (Paris, France) were applied to the data from this study, and the results obtained demonstrated that the differences between the analytical parameters of the 3 methods were not significant. Also, simple methods were reported by the same researchers for the determination of readily assimilable nitrogen compounds during vinification (23) and for the determination of catechins in white and red wines (24) .
FI-Pervaporation Approaches for the Simultaneous or Sequential Determination of Two Species
The determination of 2 analytes in clinical and environmental samples by using single FI-pervaporation approaches has been demonstrated (25) . These determinations were based on the assistance of either chemical and/or biochemical reactions or detectors arranged in series or in parallell, or on coupling with a high discrimination separation technique (25) . These determinations were considered as simultaneous or sequential according to the criteria defined in FI methods reported by Valcárcel and Luque de Castro (8), which established a simultaneous method as one in which ³2 analytes are determined by a single injection.
The FI-pervaporation methods developed for the simultaneous or sequential determination of 2 species in the enological field have depended on the volatile nature of ³1 analyte.
Simultaneous Determination of One Volatile Analyte and One Nonvolatile Analyte in Wine
Two methods have been developed that enable the simultaneous determination of 2 enological parameters and take advantage of the versatility of both FI manifolds and modes.
A simultaneous method for the determination of the total and volatile acidity in wine uses the dynamic manifold shown in Figure 2A , in which the sample is simultaneously inserted into 2 channels by a dual-injection valve. The carrier (distilled water in both cases) allows one of the aliquots to merge with an indicator solution that leads to a photometric detector. The other aliquot is transported to the lower chamber of the pervaporation cell and subjected to heating; thus, the volatile species are evaporated to the air gap betweeen the liquid surface and the membrane. The species diffuse through the membrane, and they are accepted by the indicator static solution, which is kept static because the acceptor chamber is located in the loop of an injection valve in the filling position. By switching both this valve to the injection position and valve SV to select the upper channel, the contents of the IV 3 loop are led to the photometric detector by the acceptor stream. The method thus developed was applied to white and red wines from a Spanish winery; both the total and volatile acidities had been determined by the standard method based on titration for total acidity and titration after distillation for volatile acidity, with agreement between the results provided by both the standard and the proposed methods. The precision (between 1 and 5% expressed as percent RSD), linear determination range (between 0.1 and 1.5 g/L), and rapidity (10 min) of the method clearly surpass those of the standard methods (26) .
An FI-pervaporation approach for the development of a method for the simultaneous determination of ethanol and glycerol is shown in Figure 2B , based on derivatization of ethanol and glycerol using dichromate and glycerol dehydrogenase/NAD + , respectively. The procedure involves injection of the wine by valve IV 1 into a water stream, which transports the plug to the donor chamber of the pervaporator, where mass transfer through the membrane of the volatile species occurs, with subsequent redox reaction and photometric monitoring of the absorbance decrease as a function of the pervaporated ethanol. The effluent from the donor chamber fills the loop of one of the injection valves of a dual assembly, and the other is filled with NAD + solution. This merging-zones mode (8) allows the coenzyme solution to be saved, and the zone-trapping mode (8) applied to the effluent from the pervaporator allows the appropriate dilution to be reached by optimizing the delay time between switching valve IV 1 and the dual-injection valve DIV. The 2 injected plugs merge at point "a" and are allowed to contact the immobilized enzyme packed in the glycerol dehydrogenase reactor before reaching the fluorimetric detector. The results obtained by application of the method to a series of wines have been compared with those of the official methods for these analytes, based on distillation for 20 min and redox reaction with dichromate to completion (20 min) and manual photometric measurement, for ethanol, and oxidation with periodic acid to formaldehyde, before extraction with acetone, for glycerol. The agreement found in the comparison (14.27 versus 14.30 g/L for ethanol and 5.87 versus 5.90 g/L for glycerol, both determined by using the proposed and the conventional method, respectively) demonstrates the usefulness of the proposed method (27) .
A special case of 2 volatile compounds is the determination of ethanol and acetic acid in vinegar. The former is determined by the redox reaction with dichromate after pervaporation of a sample aliquot; meanwhile, the determination of the latter occurs by injection of the sample into an indicator solution. Both parameters are monitored by the same spectrophotometer (28) .
Sequential and Simultaneous Methods for the Determination of Two Volatile Compounds
A method for the speciation determination of free and total sulfur dioxide in wine was based on an on-line sample manipulation before injection, using the manifold in Figure 2C . A selecting valve, SV, located before the injection valve, enables merging of the sample with either a distilled water or a basic stream for dilution or hydrolysis of the bonded sulfur dioxide, respectively. The subsequent injection and merging with an acid solution ensure complete absence of the anionic form (SO 3 = ) of the analyte for a more efficient transfer through the hydrophobic membrane on passage through the pervaporator. The static formadehyde/p-rosaniline mixture reacts with the pervaporated analyte to yield the colored species that is transported by the acceptor solution on switching valve IV 2 and is monitored at 578 nm on passage through the photometric detector. Injection of an aliquot for each analyte is required, and switching of valve SV is mandatory for changing the analyte to be determined. The application to Spanish wines, to which the method recommended by the European Union (29) and based on titration with iodine had also been applied, showed excellent agreement between the 2 methods (30). The results of the method also surpass those of other methods in the literature based on stopped-flow (31), microdistillation (32), and gas diffusion (33) . A method for the determination of urea and ammonia in must and wine is based on separation of the ammonia from the sample matrix by pervaporation followed by its reaction with salicylate, hypochlorite, and nitroprusside to form a diazonium salt, which is photometrically monitored. Conversion of urea into ammonia catalyzed by urease is mandatory before pervaporation (34) .
Another simultaneous method for the determination of 2 volatile species in wine (namely, carbon dioxide and sulfur dioxide), based on FI-pervaporation and detectors in series and using the manifold in Figure 2D , shows another approach for multidetermination. The sample, injected into an acid carrier for conversion of the anions into dioxides, reaches the pervaporator, where the volatile species are transferred to the static acceptor buffer. After pervaporation, valve IV 2 is switched to the injection position and the pervaporate is led to the potentiometric cell, where the acid character of both analytes provides a combined signal for the 2 contributions. A confluence point, located after this detection point, mixes the pervaporate with a folmaldehyde/p-rosaniline solution, which gives rise to a selective, colored product from the sulfur dioxide, which allows quantitation on passage through the photometric detector. The concentration of carbon dioxide is calculated as the difference between the data provided by the 2 detectors. The results obtained by application of the method to white, red, fizzy rosé, and sparkling wines, when compared with those from the official methods (based on titration in both cases), show excellent agreement; the avantages of the former method are derived from a wider linear range, smaller RSDs, smaller amounts of reagents and, especially, reduced manpower requirements (35) .
FI-Pervaporation Approach Used before Gas Chromatography as an Alternative to the Purge-and-Trap Technique
One more example of the versatility of FI-pervaporation is its use as an alternative to the purge-and-trap technology for dynamic removal of volatile analytes before their introduction into a gas chromatograph (36) . The approach, similar in principle to those used as alternatives to the static headspace speciation analysis of mercury (37) and the determination of volatile organic compounds (38) in soils, required the use of a new injection valve in whose loop the donor chamber was located, as shown in Figure 3 . In this way, passage of the acceptor carrier (He) through the membrane toward the donor chamber is avoided when, after the pervaporation time, valve IV 3 is switched to the injection position, and valve IV 2 passes to the filling position; thus, the pervaporate is allowed to reach the chromatographic column for individual separation and subsequent quantitation of the target analytes (namely, acetaldehyde, ethyl acetate, methanol, and ethanol) by a flame ionization detector. The use of this approach, when compared with purge-and-trap devices, presents 3 main advantages:
(1) the use of a hydrophobic membrane in the pervaporation unit makes unnecessary the condensation of water vapors used in the purge-and-trap (39); (2) the sample is automatically introduced into the pervaporator by the carrier; and (3) the method can be fully automated at low cost (40) .
Conclusions
The capability of FI-pervaporation for the determination of parameters of interest in the enological laboratory has been widely demonstrated. Comparison of the features of the methods developed with those of official and standard methods showed significant opportunities for improvement (particularly those concerning manpower requirements, rapidity, and cost). The agreement of the results provided by both the proposed and the official and/or standard methods indicates that the replacement of the latter by the former would not involve major changes in the enological laboratory, and that the faster analyses and cost saving would lead to more frequent monitoring with improved control of the parameters of interest to wineries. 
